Bt cotton remains one of the most widely grown biotech crops among smallholder farmers in lower income countries, and numerous studies attest to its advantages. However, the effectiveness of Bt toxin, which depends on many technical constraints, is heterogeneous. In Pakistan, the diffusion of Bt cotton occurred despite a weak regulatory system and without seed quality control; whether or not many varieties sold as Bt are in fact Bt is also questionable. We utilize nationally representative sample data to test the effects of Bt cotton use on productivity. Unlike previous studies, we invoke several indicators of Bt identity: variety name, official approval status, farmer belief, laboratory tests of Bt presence in plant tissue, and biophysical assays measuring Bt effectiveness. Only farmer belief affects cotton productivity in the standard production model, which does not treat Bt appropriately as damage-abating. In the damage control framework, all Bt indicators reduce damage from pests. Biophysical indicators have the largest effect and official approval has the weakest. Findings have implications for impact measurement. For policymakers, they suggest the need, on ethical if not productivity grounds, to improve variety information and monitor variety integrity closer to point of sale.
Introduction
Bt cotton varieties confer genetic resistance to a major order of insect pests (lepidoptera).
Following their initial release in the United States in 1996, experts predicted that Bt cotton varieties would boost yields especially in lower income countries, where conventional methods of controlling these pests-which involve the repeated application of insecticides-are especially costly or poorly managed (e.g., Qaim and Zilberman 2003) . Subsequent reviews of economic analyses based on farm surveys (Qaim 2009; Smale et al. 2010) , as well as meta-analyses (Finger et al. 2011; Areal et al. 2013; Klümper and Qaim 2014) , have generally borne out this prediction.
Perhaps the strongest evidence is that on a global scale, Bt cotton remains one of the most widely grown genetically modified (GM) crops among smallholder farmers in lower income countries.
However, the effectiveness of Bt cotton as a strategy for abating pest damage on farms depends on several factors, some of which may jeopardize the economic potential of the crop and raise ethical concerns. First, the expression of Bt toxin, which depends on technical constraints related to the conditions in the laboratory where the transformation is conducted, and the backcrossing procedure, is heterogeneous (e.g., Xia et al. 2005; Showalter et al. 2009 ). In Pakistan, breeders often develop Bt cotton varieties by backcrossing local genotypes with alien Bt varieties that contain the Bt gene through a Cry1Ac event that was not patented in Pakistan (Ali et al. 2012) . Second, Bt toxin is expressed across a range of values, not all of which may be lethal for the targeted pest. In 2012, Cheema et al. (2015) collected Bt cotton seed samples from famers and seed dealers in selected districts in Punjab and found sub-lethal concentrations of the Bt toxin in 98 percent of the genotypes tested.
Third, farmers who grow Bt cotton varieties may manage them differently than they would non-Bt varieties because they believe them to be intrinsically different. Not all management practices are observable and some affect yields, costs, and profitability. The host variety may in fact convey greater (or less) yield potential than the genetic background of the non-Bt variety, either complementing (or counteracting) Bt expression (see studies by Huang et al. 2002 for China; Crost et al. 2007 and Gruère and Sun 2012 for India; Areal et al. 2013 ).
Further, in Pakistan, the diffusion of Bt cotton varieties occurred despite a weak regulatory system and without seed quality control (Rana 2014) . Evidence of Bt cotton cultivation was found as early as 2002 but it was not until 2010 that Pakistan's National Biosafety Committee gave its first variety-specific approvals for the release of Bt cotton (Nazli et al. 2012) . Between 2010-2014, there were 32 approved varieties of Bt cotton in Pakistan although numerous other unapproved Bt varieties of possibly variable quality are thought to be available in the market (Spielman et al. 2015a) . Evidence from controlled tests conducted on field samples has shown that whether varieties sold as Bt actually carry the transgenes is questionable. found that 19 percent of seed samples drawn from farmers' fields in Sindh and 10 percent of those collected in Punjab tested non-positive for Bt toxin expression; Ali et al. (2012) found that 30 percent of the seed samples obtained directly from the market tested non-positive for the Bt gene expression.
In this paper, we use a damage control framework to test how the integrity of Bt cotton varieties affects cotton productivity among smallholder growers in Pakistan. By variety integrity, we refer to the physical, physiological and genetic characteristics of the seed are consistent, measurable or recognizable to farmers (e.g., true to type; true to label, as in Sperling et al. 2004) . We invoke five definitions of Bt integrity based on data from face-to-face interviews whether the variety identified by the farmer is 1) named as a Bt or non-Bt variety by the supplier ("Bt name"); 2) entered in the official catalog as a Bt variety or not ("Bt official"); 3) believed by the farmer to be Bt or not ("Bt belief"); 4) confirmed or rejected as Bt by laboratory tests of cotton tissue samples taken from the main plots of farmers' fields ("Bt presence"); and 5), found to be effective in causing insect mortality beyond a predetermined threshold in further laboratory tests conducted on the expression of the Bt toxin in the cotton tissue sample ("Bt effective").
Laboratory tests have rarely been used in applied economics studies of biotech crops, despite that they are frequently employed in the biophysical sciences. Here, two specific laboratory tests were employed to construct the fourth and fifth indicators, respectively: lateral flow strip assays (commercially known as ImmunoStrip tests or "strip" tests) to test for the presence of the Bt (Cry) protein, measured as a binary variable; and antibody-based enzymelinked immunosorbent assay (ELISA) tests to assess the expression levels of protein, measured as a continuous variable. Similar to Pemsl et al. (2005) , we also conducted an independent bioassay to determine the lethal Bt toxin expression level for a common group of target insects (Spielman et al. 2015b) . Only Bt varieties with ELISA test scores that surpassed the threshold determined by the bioassay are classified as effective.
We estimate the damage control model with nonlinear least squares, which imposes some restrictions on choice of more flexible functional forms because of its complexity. We assume that the potential yield function follows a conventional Cobb-Douglas production function and that the cumulative distribution function of the damage abatement component follows an exponential form. We estimate and compare five models, each including one of the Bt indicators.
Our analysis contributes to the literature in two ways. First, as compared to previous applied microeconomics studies conducted in Pakistan (Ali and Abdulai 2010; Nazli et al. 2012; Kouser and Qaim 2013) , we utilize data collected from a detailed survey of a nationally representative sample of cotton growers. Each of these studies demonstrated that Bt cotton varieties are more productive and farmers who grow them use less pesticide (Ali and Abdulai 2010; Nazli et al. 2012; Kouser and Qaim 2013) . Secondly, as compared to previous analyses of the productivity impacts of Bt cotton (e.g., Huang et al. 2002; Qaim and de Janvry 2005; Kouser and Qaim 2013) , which differentiated Bt and non-Bt varieties based solely on name, we utilize farmer perceptions as well as results of laboratory tests in our analysis. Clearly, a variable based on name is appropriate if cotton varieties sold and/or planted as Bt consistently carry the Bt genes and consistently express themselves at lethal levels. As we argue above, this is not likely to be the case. If, as the evidence suggests for Pakistan, variety integrity is questionable and the effectiveness of Bt expression is heterogeneous, use of a variable based on name could bias results.
The lack of, or ineffectiveness of, the Bt toxin in a so-called Bt cotton variety raises nontrivial issues both for Pakistan's economy and the international cotton market. Cotton is an important source of rural income in Pakistan, with approximately 2.2 million farm directly engaged in cotton cultivation, accounting for 26 percent of all farms in the country (GOP 2012).
Cotton also accounts for over 50 percent of foreign exchange earnings via the textiles industry (GOP 2014). Globally, Pakistan has been consistently ranked as the world's fourth largest cotton producer and third largest consumer (GOP 2014).
Ineffectiveness of Bt cotton could potentially contribute to the natural evolution of pest resistance, encumbering farmers with greater losses and insecticide costs in the future. Kouser and Qaim (2013) observe that while cotton growers in Pakistan apply less pesticides to plots where they plant Bt varieties, these reductions are small in comparison to those observed in studies from other lower income countries. This is consistent with findings from China, where Huang et al. (2002) reported that despite reductions in pesticide application, overuse continued among cotton growers even after adoption of Bt cotton varieties. Pemsl et al. (2005) identified market and institutional failures as possible reasons for such practices, although more recent work by Liu and Huang (2013) attributes this problem to the risk preferences of cotton farmers.
A competing hypothesis is that, because the effectiveness of Bt cotton varieties may not be high enough to resist pests effectively, farmers continue to apply high levels of pesticides to ensure their crop is adequately protected from cotton bollworms. In Pakistan, one possible reason they can afford to do this is the relatively low cost of Bt cotton seed.
Below, we begin by presenting the modeling framework, with reference to key literature and previous findings. In Section III, we present the elements of our empirical strategy, including the data source and variable definitions. Findings, including descriptive statistics, regression results, and robustness checks, are discussed in the Section IV. Conclusions are drawn in Section V. Section VI reports implications for public policy in Pakistan and further research on this topic.
Empirical strategy

Relevant models
In their landmark 1986 article, Lichtenberg and Zilberman (1986) distinguished the crop production roles of damage-abating and productivity-enhancing inputs. Farmers apply inputs such as fertilizer to augment the yields they expect to attain, while they deploy pesticides to counteract yield losses relative to planned or expected output. A major insight in this article was to show that standard production models (the Cobb-Douglas, specifically) can lead to biased findings concerning the marginal productivity and efficiency of pesticide use. Since this study, numerous adaptations and advances from the basic model, many of which have focused on model specification, have been proposed (e.g., Fox and Weersink 1995; Saha et al. 1997; Guan et al. 2005; Chambers et al. 2010) . Hall and Moffitt (2002) demonstrated that the specification bias in estimates of marginal productivity of pesticides generated by applying a Cobb-Douglas model instead of a damage control framework could be negative rather than positive as originally argued by Lichtenberg and Zilberman (1986) .
In the original notation of Lichtenberg and Zilberman (1986) , the damage control function is defined as Y=F[(Z), G( )], where the vector Z includes productive, or "conventional" inputs as usually modeled in a production analysis, and the vector X consists of control inputs. G(X) is increasing in X and approaches an upper limit of 1, where Y=F(Z)). As X decreases, G(X), and Y=F(Z, 0) approach the lower limit of 0, or a level that represents maximum destructive capacity. In empirical work, the function is generally simplified as a proportional one: Y=F(Z)G(X). A damage abatement effect is then understood as the proportion of the destructive capacity (represented as a cumulative density function valued between 0 and 1) that can be offset by utilizing a given amount of a control input. Weibull, exponential, and logistic functions are commonly selected to represent the cumulative distribution function G(X), which lies in a [0,1] interval. Meanwhile, F(Z) is interpreted as potential or maximum yield that can be obtained with zero pest damage or maximum pest control.
A damage control input can be understood not only as an input such as pesticide but also as a crop variety carrying genetic resistance to pests or disease, tolerance to abiotic stresses, or as any other input that a farmer uses with the goal of mitigating yield losses (Horna et al. 2008 ).
Thus, economists have applied the damage control framework to measure the impact of growing Bt cotton varieties. Within this body of work, the most pertinent studies are those conducted by Shankar and Thirtle (2005) in South Africa, Pemsl et al. (2005) in China, Qaim and de Janvry (2005) in Argentina, and Kouser and Qaim (2013) in Pakistan. Shankar and Thirtle (2005) employed a Cobb-Douglas functional form for F(Z) "due to the relatively small size of the available sample," which included a cross-section of only 91 observations out of a sample of 100 smallholder cotton farmers in Makhathini Flats, KwaZuluNatal, South Africa. Data collected on input use were also cursory in these initial years of Bt cotton use, including conventional inputs land (ha), labor (days), total seed quantities (kg), and pesticides (kg). The authors recognized that while a damage abatement input such as a pesticide should only be included in the damage function, in the case of varieties with genetic traits that confer insect resistance, the genetic background of the variety into which the genes are inserted could also generate an affect in the production function. Comparing several models, they found that in the most parsimonious models, conventional inputs had strong and expected signs, but in none of the production models was the Bt indicator statistically significant. At the same time, the Bt indicator and pesticide use were both highly significant in damage control, regardless of model.
A second landmark study was conducted by Qaim and de Janvry (2005) on Bt cotton and pesticide use in Argentina. Given that Bt cotton had not been widely adopted in Argentina, the study utilized various methods to address a potential bias in estimated parameters resulting from self-selection by early adopters, including plot-based estimation for partial adopters, which controls for intrinsic, unobserved farmer characteristics. Qaim and de Janvry (2005) found that growing Bt cotton varieties had a positive effect in their production model (a quadratic functional form). Since Bt genes had been incorporated in varieties that had never been grown in Argentina, this result could have reflected a germplasm effect (although the authors argued to the contrary).
The damage function showed a significant effect of growing Bt cotton on the reduction of pest damage, along with pesticides.
In both of these papers, Bt use was measured as a binary dummy variable. Neither study described whether categorization was based on farmer belief that the variety was Bt, comparing names reported by farmers to a supplier or official list, or another form of verification. Pemsl et al. (2005) Pemsl et al. (2005) was that neither the coefficient on pesticide use nor that on Bt toxin concentration was statistically significant in damage control model, contradicting previous work for China (Huang et al. 2002) and other work we cite here. They suggest that the variability in input quality, combined with the low variability in pesticide use and its generally high level of use could explain this result. Further, the variety dummy was significant and positive in the insecticide use equation, but of no statistical significance in the damage control model.
In focusing on how Bt is measured, we are influenced by Pemsl et al. (2005) . Otherwise, the analysis by Kouser and Qaim (2013) , applied to data collected in Pakistan, is the most pertinent to our study. Like Qaim and de Janvry (2005) , Kouser and Qaim (2013) specified a quadratic form for the production function, reporting that similar results were obtained when other functional forms were employed. Their Bt variable was a dummy variable, and the data they use were collected from a sample of 352 farmers located in four districts in Punjab, where 42 percent of the country's cotton area is produced. Kouser and Qaim (2013) found that the Bt variety dummy both increased cotton yield in both the standard production model and reduced losses in the damage control model. This finding suggests both a germplasm effect and a Bt effect, though as noted by Pemsl et al. (2005) , these could be confounded in the binary variable measuring Bt. Shankar and Thirtle (2005) , like Qaim and de Janvry (2005) , chose the logistic distribution as the more suitable characterization for G(X) than either the exponential or the Weibull distributions. They noted that the exponential form implies concavity when G(X) is > 0, or that damage abatement increases at a decreasing rate, contending that a positive second derivative of the function is plausible; they also found "counter-intuitive" results when testing the models with a Weibull specification (Qaim and de Janvry 2005: 104) . In contrast, Pemsl et al. (2005) and Kouser and Qaim (2013) estimate their model assuming an exponential distributional form. Kouser and Qaim (2013) concluded that their findings were robust to form of the damage function.
Specification
We estimate the damage control model with nonlinear least squares, which imposes some restrictions on choice of more flexible functional forms because of its complexity. Concerning the production model, we chose the Cobb-Douglas functional form for comparability and because it is parsimonious. We also tested the quadratic functional form, but most of the estimated coefficients were statistically insignificant although they have similar signs to those generated using the Cobb-Douglas functional form. With respect to the damage function, the Weibull functional form is restrictive on its domain and cannot be applied when many inputs are close to zero in value. Estimation with a logistic functional form returned similar results to those obtained with the exponential form, except that many coefficients lost their statistical significance. Thus, in the empirical analysis that follows, we assume that F(Z) follows a conventional Cobb-Douglas production function and the damage abatement function follows an exponential cumulative distribution function form:
where the vector Z consists of conventional inputs (labor, fertilizer, seed, irrigation), specified as logarithms. For comparative purposes, we estimate both a standard production model and a damage control model.
In our production function formulation, we test the effects of our different Bt indicators as dummy variables on the intercept term. In addition, we include the years of education of the household head to account for the effect of human capital and management capacity, land cultivated in the preceding year for scale effect, and the agro-climatic zones within the cottongrowing regions to control for differences in rainfall and temperature that could potentially affect cotton production. The scale of the farm operation, which is captured by land cultivated in the previous season to ensure that it is predetermined in the current season, may relate positively to productivity through improving access to a range of inputs and information (Feder and Slade 1984) . On the other hand, larger scale may reduce the intensity of input use and management, detracting from per acre yields. Insecticide use is also included in the initial production function estimation for completeness and purposes of comparison with the damage abatement model.
In the damage abatement model, the vector X is composed of insecticide use and the same Bt variables. The vector Z′ in this model is identical to Z without Bt variables. We test multiple Bt indicators in separate models. The dependent variable in both models is observed cotton production in kgs per acre.
Since Bt cotton in Pakistan has diffused broadly through unofficial channels beginning in 2002, variety identity and the effectiveness of Bt expression are uncertain, the potential bias in parameter estimates from self-selection is unlikely to be important and also difficult to discern.
Bt cotton was grown on over 2.9 M ha in Pakistan according to James (2014) , and cultivated by 85 percent of cotton farmers in our data.
Data and variables
Data source
Data for this study are drawn from two sources: (1) a household survey, and (2) there is slightly difference in household age it is unlikely that it will make distinct difference in cotton cultivation practices. We believe that the sample retained sufficient coverage of the heterogeneity of cotton-growing households and cotton agro-climatic zones found in Pakistan.
However, we recognize that the combination of household survey dropouts and households that could not be surveyed for either the first or second rounds of the biophysical survey does limit the size of the analytical sample.
Fertilizer application rates and irrigation hours were elicited by plot. If more than one variety was sown per plot, it is not possible to ascertain how much of the input was applied to each. We restricted the analysis to plots with only one cotton variety in order to accurately measure the contribution of each input. An alternative might have been to weigh input use by variety area shares on each plot, although this procedure would have introduced measurement errors of a different nature. Complete information is available for a total of 535 households, with each household's unique cotton variety in the main plot meeting these criteria.
The second component of data collection-the biophysical survey-was led by the University of Agriculture, Faisalabad (UAF) and the National Institute for Genomics and Advanced Biotechnology (NIGAB), Islamabad, in collaboration with IFPRI and IDS. In the biophysical survey, leaf and boll tissue samples were collected from the main cotton plots of sample farmers and were analyzed in the lab to detect the presence of Bt toxin by Strip tests and to measure its concentration levels by ELISA tests. A total of two rounds of tests were conducted, the first at approximately 70 days after sowing (DAS) and the second at approximately 120 days after sowing (DAS). The first round of data collection conducted through the biophysical survey, which was constructed in a way that is consistent with the procedure reported by Pemsl et al. (2005) , is utilized here. Data collected in the second round at 120 DAS generated similar results.
In the first round, the bio-physical study team randomly selected five plants in the main plot of each sample farmer. They then collected leaf samples from among leaves of similar size, position, color and age from each identified plant separately. These leaf samples were shipped to the lab and two samples that were collected from different plants were randomly selected to conduct both the strip and ELISA tests. Both UAF and NIGAB used the industry-standard equipment (Envirologix TM QuickStix TM Combo Kits) for Bt toxin detection and followed the same statistical procedure to measure Bt toxin expression. To establish a threshold for Bt effectiveness based on the ELISA test results, the UAF team conducted a bioassay study in which cotton leaf samples from 25 cotton varieties with known levels of Bt toxin concentration were fed to 936 targeted insects (H. armigera or American bollworm) to determine mortality rates after three days of cotton leaf consumption. A Logit regression of the mortality status over the ELISA scores suggests that any ELISA score greater than 0.60 μg/g will kill the target insect with likelihood greater than 50 percent. Similarly an ELISA score of 0.74 μg/g is associated with a likelihood of 60 percent mortality of the target insect, 0.88 μg/g corresponds to a likelihood of 70 percent, 1.06 μg/g 80 percent, and 1.34 μg/g 90 percent.
Measuring Bt
A perusal of the applied economics literature on the impact of GM crops indicates that researchers have generally assumed that farmers know with certainty whether the variety they grow is GM or not. While this assumption may be valid in countries where GM varieties have been commercialized with well-articulated input supply chains, biosafety and seed marketing regulations, and labeling and packaging practices, it is less likely to be so in countries where farmers buy their seed from local informal and unregulated markets, or acquire it from neighbors, friends or acquaintances.
Several approaches were observed in survey instruments used in previous studies. One method is to ask farmers directly if they planted Bt cotton. A more sophisticated method involves asking the farmer if he/she has ever heard of Bt cotton. If the answer is negative, the enumerator provides a definition, and then asks farmers whether they planted Bt cotton. A third approach is to ask the farmer to name the varieties he/she has planted and, with the help of local experts, classify the varieties as Bt or non-Bt based on reported names.
As noted above, Pemsl et al. (2005) provide the first study that introduces a more objective method of indicating whether or not a variety is Bt. They do so by measuring Bt toxin concentration of the cotton planted by each survey respondent and using these concentration levels to generate a continuous variable, along with a more rudimentary variable that classifies the Bt as either good or bad quality.
In our analysis, we test five Bt indicators (Table 1 ). The first, "Bt name," was developed by linking the farmer's survey response when asked the name of the variety planted to publicly available information about whether a named variety is Bt or not. This information is generally provided by the seed supplier, but since we rely on farmers' accuracy in reporting variety names and expert judgment to classify names, we consider this indicator to be the least reliable. We retain it in our analysis primarily because it is most frequently employed definition in the literature. The second, "Bt official," refers to whether the variety named by the farmer is on the officially approved list of Bt varieties. As noted above, this is not expected to be conclusive given that regulations were established late, without seed quality controls. Third, we include "Bt belief," which measures whether the farmer reported (believed) that the variety he planted was Pairwise cross-tabulations provide some useful insights (Table 2) . While 84 percent of varieties that tested positive for the presence of Bt were believed to be Bt by the farmer, 69 percent of those that failed the leaf strip test were also believed to be Bt. Bt belief is positively and significantly (less than 1 percent) associated with the likelihood of Bt presence. However, Bt presence is much less stringent criterion than "Bt effective." Fifty-two percent of varieties that surpassed the threshold for Bt effectiveness were believed to be Bt, and 54 percent that did not were also believed to be Bt. Meanwhile, only 56 percent of varieties sampled from farmers that were classified as officially approved varieties were effective, compared with 50 percent that were effective but not officially approved. Neither Bt belief nor Bt official status are statistically related to Bt effectiveness.
Thus, when farmers plant approved Bt varieties of cotton, their chances of achieving Bt effectiveness are not far from a coin toss (50/50). In practice, Pakistani cotton farmers are obliged to rely on the names of cotton varieties, which could be false, or their own beliefs, to determine if a variety is Bt or not and to plan accordingly for its cultivation. Lacking sufficient information, farmers' belief may not be accurate and therefore they may not make the optimal production decisions. These statistics are relevant to our analysis because we propose that farmers' perceptions of what they grow affect how they manage their crops, such as the timing and quantity of insecticide applications, how well the crop performs in terms of harvested yield, and their capacity to control damage from pests.
Other explanatory variables
Summary statistics for other explanatory variables are shown in Table 3 . We asked farmers about the use of pesticides in various forms and in different cultivation time periods and then aggregated them into a single measure. For fertilizer, we computed the quantity of nitrogen contained in each type of fertilizer applied to the plot during the entire growing season and divided by the plot area to obtain a rate of N nutrient kgs applied per acre. For labor-a particularly important input given that cotton is a labor-intensive crop-we asked detailed questions about the use of family labor, contracted labor, and hired labor, differentiating male and female labor in the whole cotton cultivation season. Here, to simplify our conventional input variables, we aggregated over categories to generate the total number of labor hours. For water and irrigation inputs, and given that many farmers rely on monsoon rains during the kharif season, groundwater, and canal water from Pakistan's expansive Indus River basin irrigation system, we asked detailed questions about water management and calculated both the total number of irrigations by hours irrigated, aggregating to total time (hours) irrigating the plot.
Finally, we consider agro-climatic zones among our explanatory variables to account for the potentially heterogeneous conditions under which cotton is cultivated in Pakistan. The vast majority of farms are located in the Northern Irrigated Plains of Punjab, followed by the Southern Irrigated Plains of Sindh. The Sand Dry Deserts of either province, and the Sulaiman Piedmont, represent a minority given much lower population densities in these areas.
Results
Production function estimation
Estimation results for the standard production model (Table 4) confirm that none of the Bt indicators is significantly associated with variation in cotton yields except for Bt belief. If farmers believe they are growing a Bt variety of cotton, observed yields may increase-although the coefficient is statistically significant only at 10%. This finding suggests that when farmers believe they are growing a special variety, they may manage it differently-in a way that is unobserved or that we have not captured among the conventional inputs included in the standard production model.
As was found by Shankar and Thirtle (2005) , we find no effect of any other Bt indicator,
including Bt presence or effectiveness. Nor do we find a positive effect of insecticide use in the standard production model. These findings are consistent with the notion that the Cobb-Douglas model is mis-specified for damage-abating inputs (Lichtenberg and Zilberman 1986; Hall and Moffitt 2002) . Bt name or Bt official could affect productivity in a standard production model if genetic backgrounds were systematically differentiated, which would be the case if Bt genes were inserted into superior varieties (Shi et al. 2013 ). This possibility is discussed by Qaim and de Janvry (2005) and Pemsl et al. (2005. Additional results indicate that consistent with theory, labor and nitrogen application significantly explain variation in yields. The effects of other inputs, such as irrigation and seeding rate, are either not statistically significant or not positively associated with the yield. Mitchell et al (2009) find that farmers in the US adopt a higher seeding density for GM maize to boost yield, while our results suggest that a higher density does not improve Bt cotton yield in Pakistan therefore should not be recommended. The negative estimated coefficient for irrigation hours, although significant, could reflect heavier pest pressures in the irrigated areas, diminishing returns to water use in the presence of waterlogging or salinity, or measurement error. Given the various sources of water and various time periods irrigated, it is hard for farmers to track the exact duration that they irrigated their plot each time. We find no evidence of a land size effect on cotton productivity, and nor does farmer education predict higher yields. The F-test on the vector of dummy variables representing agro-climatic zone results in a failure to reject the hypothesis that they are jointly equal to zero. Thus, these are not included in Table 6 . According to the Cobb-Douglas functional form, the sum of estimated input elasticities (well below 1) suggests decreasing returns to scale. This finding may reflect the particularly labor-intensive nature of cotton production on these smallholder farms. The mean values of the constant term suggest that without inputs, expected yields are close to 1 T/ha. The data show that mean yields across main plots are 2.2 T/ha.
Damage abatement model estimation
In the second stage of the analysis we include a damage abatement component in the econometric estimation, following the specification described above (Table 5 ). The fact that the constant terms are higher in this set of regressions than among those reported in Table 4 Since we believe Bt presence combined with Bt effective best measures the effect of Bt, we use the last two specifications in Table 5 to interpret the contributions of other inputs. In these two specifications, the estimated yield elasticity of labor is again on the order of 0.3 and highly significant, similar to the Cobb-Douglas production model. The elasticity of N nutrient kgs per ha is 0.17, which is higher than in the basic Cobb-Douglas model, and statistically significant. Both labor and nitrogen inputs are only significant in models where Bt is measured based on the bio-physical studies, but not in the models where Bt is measured either by public information (Bt official) or private information that farmers may access (Bt name and Bt belief).
In order to better visualize the damage abatement effect from different Bt measures, we use the estimation results reported in Table 5 to compute the average predicted damage abatement effects for each Bt measure. As the damage abatement function G(X) lies between 0 and 1, the function is essentially a multiplier that indicates how effective each damage abatement choice is for yield protection. The closer the value is to 1, the more effecting is the damage abatement. Figure 2 illustrates the differences among the indicators we have tested. Bt name was omitted because among our indicators, it is the most unreliable.
Our results suggest that without Bt, half of the yield will be lost if only an average amount of insecticides is applied. Officially approved Bt varieties, together with insecticides, can protect about 88 percent of cotton yield from pest damages. If a farmer grows a variety that she believes to be Bt, then together with insecticide it about 92 percent of her cotton yield is protected. If a real Bt variety has been planted, as measured by Bt presence, no matter how effective the gene, then together with insecticide, about 98 percent of yield is protected. A real and effective Bt variety will protect almost 100 percent of the yield based on our estimates.
In summary, we find that the integrity of Bt cotton varieties in Pakistan is closely associated with the abatement of damage to cotton from lepidopteran pests in Pakistan, and thus to maximum yield that can be obtained in the presence of pest pressures. These findings highlight the need for researchers-and, more generally, proponents of Bt technology-to use greater caution in measuring the yield impacts of Bt cotton in Pakistan, and in making the case that Bt cotton can contribute to yield improvement. These findings also highlight the utility of specific laboratory tests to measure the presence and efficacy of Bt gene expression when studying the economic impact of Bt cotton or other GM crops.
Conclusions and implications
Since its introduction in 1996, Bt cotton has diffused rapidly and broadly across cotton-growing regions of the world. Most impressive has been its adoption by smallholder farmers in poorer countries, where accumulated evidence demonstrates its profitability, labor savings, and substantial reduction of damage from lepidopteran insects.
One recurring, yet relatively unexplored thematic thread in the literature has been the recognition that smallholder cotton growers in poorer countries are not well informed about Bt cotton or how to grow it. Proponents of the crop might argue that certain types of knowledge are of no real importance if the crop benefits farmers; those observers who are concerned about the ethics argue that empowering poorer farmers with knowledge is a social imperative.
The term "variety integrity" is sometimes used to characterize a variety that grows true to its type or true to is label. We invoke that notion in this paper. Here, we take a pragmatic view that when a farmer does not know whether the seed he or she planted is Bt or not, and has no firm expectations concerning its effectiveness against pests, production plans are most likely to be suboptimal. In the aggregate, we would consider that such decision-making has both private and social costs in terms of output and savings foregone, potential contributions to future epidemics related to the buildup of genetic resistance to Bt toxin, and negative externalities from continued, excessive use of pesticides despite the adoption of Bt varieties.
Pakistan's experience is particularly well-suited for a test of hypotheses concerning farmer knowledge of Bt expression. In Pakistan, Bt cotton was disseminated to farmers before it was officially approved, and the Bt cotton industry is highly competitive, with a large number of small-scale firms selling seed in local markets. The analysis in this paper contributes to the existing literature by testing the effects of various definitions of Bt cotton on productivity and damage control. We follow closely the work of major previous studies in our overall specification of the models, but introduce four definitions of Bt cotton in addition to variety name: (1) Moreover, because of the potential for bias in estimated coefficients, the damage abatement framework is the preferred method for estimating the effects on productivity of inputs that maintain yields against pests and disease rather than directly enhancing yield. When we estimate the model in the damage abatement framework, we find that all Bt variables reduce yield losses alongside insecticide use, and by a relatively large magnitude. However, the models with the biophysical measures are the most complete. That is, these retain the strong positive effects of conventional inputs as well as the effects of Bt gene expression. The marginal effects of these measures are also considerably stronger than that of Bt belief. Our predicted average effects suggest that Pakistani farmers benefit greatly from adopting Bt cotton varieties, which potentially protect more than half of the yield loss. However, the officially approved Bt varieties are considerably less effective than true Bt varieties.
To our knowledge, our general finding regarding the variants of Bt and how these may differentially affect both farmers' capacity to control damage effectively are unique in the applied economics literature about GM crops. The approach has highlighted the importance of measuring about input use in productivity analyses, and particularly in the study of highly contentious, biotech crops. Based on our analysis, we recommend measuring Bt toxin expression using biophysical methods if accuracy in assessing impacts is the objective and variety integrity is questionable. Farmer's self-reported status may be appropriate when variety identity is known by farmers. The findings presented here also have implications for the design and management of Pakistan's regulatory system governing both GM crops and seed more generally. The issues associated with seed and varietal integrity evidenced here suggest, first, the need for more effective monitoring systems. While there is little to suggest that seed certification systems are effective in monitoring ensuring seed quality for farmers, there is likely more that can be done with point-of-sale monitoring and other forms of market surveillance (Rana 2014 ). This may be especially true if laboratory tests are used more routinely and if they become cheaper and faster to use. Second, our findings suggest that social welfare could be substantially increased by improving information dissemination to farmers-perhaps through engagement of farmer-based and/or private information channels.
These results are also applicable to the many lower income countries beyond Pakistan where seed quality is an issue. In his insightful review of the global evidence on Bt cotton, Tripp (2009) concluded that adopters of Bt cotton will not be the poorest of the poor, but those with more assets and knowledge; he emphasized that biosafety regimes and more investment in cutting edge research are necessary but not enough for the crop to benefit poorer farmers, arguing the need for strong input markets and institutional design, and more germane to this study, empowering farmers through provision of information. We would certainly argue the same based on the statistics we have seen. Believing a variety is Bt cotton when it is not likely to be a utility-enhancing situation, let alone a profit-maximizing one, for smallholder farmers.
A number of years after the publication of Tripp's (2009) collection of studies, the results shown here for Pakistan suggest some crucial differences. There is no evidence here that Bt cotton farmers are more advantaged than other cotton farmers in Pakistan, and the prices they pay for seed are relatively low by global standards. Yet, there is considerable evidence that the integrity of the Bt cotton varieties they grow is questionable and that many do not know with certainty whether the varieties they are growing are Bt or not. While this may be cause for concern, our results confirm that no matter which definition we use, Bt cotton per se reduces damage significantly. On the other hand, none of the definitions except "Bt belief" is positively associated with cotton productivity. Thus, although better provision of information seems to be an ethical imperative, this type of investment may not necessarily improve cotton productivity. 
